Radiopaque markers implanted in the left ventricle allow one to follow the motion of specific elements of myocardium and compute a measure of relative left ventricular volume, called "eigenvolume." Workers in our laboratory partially validated this measure in excised dog hearts by comparing eigenvolumes with volumes of balloons in the left ventricle. Perhaps because the balloon did not fully fill the left ventricle, there was a significant nonzero intercept in the relation between eigenvolume and balloon volume. Therefore, the results only partially confirmed the eigenvolume theory because eigenvolume should be proportional to cavity volume. This study compares eigenvolume with left ventricular volume measured by biplane angiography in intact beating hearts following hemodynamic interventions (atropine, phenylephrine, nitroprusside, volume loading, and propranolol). We performed 32 angiograms in five dogs. A high correlation (r= 0.958 ±0.
R adiopaque markers implanted in the heart provide an excellent way to study the intact _ heart's dynamic geometry and volume 1 " 3 because they allow one to follow the motion of the specific elements of myocardium. Walley et al 4 used data from radiopaque markers to develop an objective description of the three-dimensional pattern of deformation and rotation of the left ventricular cavity as the heart beats. This description does not require any assumptions about the shape or symmetry of the left ventricular cavity or the way in which the cavity changes shape as the heart beats. Grover and Glantz 5 extended these concepts by developing procedures that permit statistical comparison of different left ventricular cavity deformation patterns. One result of this analysis is a measure of the relative volume of the left ventricle, known as an "eigenvolume." Workers in our laboratory have partially validated this approach in excised dog hearts by comparing eigenvolumes with actual left ventricular volumes, measured with balloons in the left ventricle, in normal 6 and hypertrophied hearts. This earlier work, while supporting the description of Walley et al 4 of the contraction pattern of the left ventricle, was limited in that it applied to unperfused excised hearts resting in a bath. In this paper, we extend the validation of the eigenvolume method to intact beating hearts by comparing the eigenvolume with cardiac volume determined by biplane cineangiography following a variety of hemodynamic interventions. The resulting data confirm the hypothesis that the eigenvolume is an accurate reflection of the left ventricular cavity volume that does not depend on the volume, loading conditions, or contraction pattern of the left ventricle.
The radiopaque markers permit observation of the left ventricular contraction pattern without injection of angiographic contrast medium. 78 Therefore, we used the same data we collected to validate the eigenvolume technique to describe the immediate (within a few beats) hemodynamic effects of angiography by comparing the eigenvolumes on a beat before the angiogram with one after it. These data show that the angiogram does not affect end-diastolic or maximum systolic left ventricular pressures or stroke volume but reduces the magnitudes of both dP/dt™, and dP/dtâ nd increases both end-diastolic and end-systolic volumes. Despite this increase in left ventricular enddiastolic volume, stroke work remains constant. This result, combined with the changes in dP/dt, suggests that the angiogram produces a mild depression of inotropic state.
Materials and Methods Instrumentation
Five dogs weighing 17-22 kg were premedicated with an intramuscular injection (0.03 ml/kg) of Inno-var-Vet (20 mg Droperidol and 0.4 mg Fentanyl per milliliter). Thirty minutes later, general anesthesia was induced by an intravenous injection of 30 mg/kg pentobarbital, and the dogs were intubated and artificially ventilated with a 60:40 mixture of oxygen and nitrous oxide (Fraser Harleke Quantiflex V.M.C. Anesthesia Machine). Respiratory rate and tidal volume were adjusted (Airshields Ventimeter, Airshields Inc., Hatboro, Pennsylvania), and intravenous sodium bicarbonate was given as necessary to maintain Pco 2 at 35-45 mm Hg, HCO 3 at 20-28 mmol/1, and pH at 7.3-7.4; arterial Poj always exceeded 80 mm Hg. Anesthesia was supplemented with 1 ml intramuscular Innovar-Vet each hour. This anesthetic combination produces little effect on cardiac function.
The dogs were placed supine in an x-ray system with biplane fluoroscopic and cineradiographic capabilities. ECG lead II was monitored. A MediTech catheter was advanced into the left ventricle through the carotid artery, seven to 10 radiopaque tantalum markers ( 1 x 2 mm wire helices) were then implanted in the left ventricular endocardium using a modification of Carlson and Milne's 1 method. 10 " At least one marker was implanted in each of the following locations: the aortic valve ring; the apex; and the septal, anterior, posterior, and free (or lateral) walls. This is the minimum set of markers necessary to compute the eigenvolume. 4 Biplane radiographic cine recordings were made after each marker was implanted to define the relative position of the marker. Because each marker's shadow appears in the same sequence on both films, each shadow can be uniquely identified. Given a marker's shadow on the two films and the known configuration of the x-ray system, we computed each marker's threedimensional coordinate, and the results were used to construct the instrumentation template used to identify the specific marker's shadows on the biplane x-ray images following different interventions that change the heart's size or contraction pattern. At no point during instrumentation or experimentation were the dogs' chests opened.
After the markers had been implanted, we introduced an 8F catheter (National Institutes of Health) into the left ventricle via the carotid artery for angiographic contrast injection. To measure pressure, we also placed 5F solid-state micromanometers (Millar, Houston, Texas) in the left ventricle and the aortic root via femoral arteries by percutaneous puncture via a 6F insertion sheath (Cordis Corp., Miami). The Millar catheters were placed in a constant temperature bath at 37° C overnight with the catheters energized by solidstate pressure amplifiers (Validyne Engineering, Northridge, California) to avoid thermal drift during the experiments. To check for zero drift, the readings from the Millar solid-state transducer and fluid-filled catheters were periodically compared by temporarily placing a fluid-filled catheter in the left ventricle. n The fluid-filled system was zeroed at the midpoint of the heart as determined with the x-ray system. In vitro assessment of the micromanometers' zero drift revealed much less than 1 mm Hg at 1 hour.
Protocol
The basic protocol consisted of obtaining an angiogram and recording the pressures and motion of the tantalum screws immediately before and after the angiogram and analyzing the results on a frame-by-frame basis to permit comparing the angiographically determined volumes throughout the cardiac cycle with the corresponding eigenvolumes. Different interventions were used to provide a variety of hemodynamic states and different left ventricular volumes and volume changes to give a wide range of conditions over which to compare eigenvolumes and angiogram volumes (angiovolumes). The specific interventions were: 1) atropine (2 mg in 100 ml dextran over 5 minutes) to increase heart rate approximately 50 beats/min over baseline, 2) phenylephrine (10 mg in 1,500 ml dextran) to increase systolic pressure at least 20 and 40 mm Hg above control, 3) nitroprusside (50 mg in 500 ml 5% dextrose) to decrease the systolic blood pressure 20 mm Hg below control, 4) propranolol (1 mg/kg) to block j3-receptors, 5) 500 ml saline to volume load, and 6) 1,000 ml saline to volume load. After eacli intervention, we waited for all hemodynamic variables to return to baseline before going on to the next intervention. Not all interventions were used in all dogs. Table 1 lists the specific interventions used in each dog, and Table 2 presents the mean values of various hemodynamic variables observed under the different conditions.
The respirator was turned off at end expiration, and data were recorded for approximately 20 seconds. The heart was filmed before, during, and after a left ventricular angiogram in the frontal and lateral projections at 60 frames/sec in biplane alternating mode while recording left ventricular and aortic pressures and ECG on a Honeywell 5600 FM tape recorder (Waltham, Massachusetts). We quickly injected 30 ml Renografin-76 contrast agent by hand. The film and pressure data were synchronized using a cinemark that simultaneously blanked the film and superimposed a pulse on the ECG. These data were subsequently digitized at a 200-Hz (5 msec) sampling rate 13 using a 16-bit analogto-digital converter.
We computed left ventricular angiographic volumes for every frame of the first fully opacified beat following the contrast injection as well as eigenvolumes from the last unopacified beat before the angiogram and the first available beat after the contrast media had cleared. Ventricular premature beats were not a problem during our experiments; when present, we simply waited a beat or two until the pressure signal reached steady state before selecting the angiographic beat to be analyzed. This procedure yielded eigenvolumes for the beat 6 ± 3 beats (SD) before the angiographic beat and 6 ± 3 beats after the angiographic beat. Figure 1 shows a typical set of data.
At the end of the experiment, the dogs were killed with a left ventricular overdose of saturated potassium chloride, and the hearts were removed. The hearts were fixed in 10% buffered formalin, then cut into 1cm slices along the long axis of the heart, and the slices were radiographed to precisely locate the screws. 
Left Ventricular Eigenvolume
A 16-mm projector (model M-16C, Vanguard International, Neptune, New Jersey) was used to project the film onto a Talos system digitizing tablet (model 611B, Talos Systems Inc., Scottsdale, Arizona) so that the marker positions could be digitized by hand for both frontal and lateral projections for all frames during the selected beats. No correction was applied to compensate for, the fact that the two films were obtained in biplane alternating mode. The resulting data were screened for errors by checking to see that the coordinates of the screw projections on each of the image intensifiers varied smoothly. l4 The three-dimensional positions of each marker were computed every 1/60 second (16.6 msec) from these data as previously reported. 10 We used the previously published methods developed in our laboratory to estimate relative left ventricular volume from the three-dimensional coordinates of the tantalum screws. 45 Briefly, let x(t) = [x(t),y(t), z(t)] T be the three-dimensional coordinate of any element of left ventricular endocardium at time, t. If the ventricular cavity deforms homogeneously, this threedimensional coordinate will be related to the threedimensional coordinate of the same element of myocardium at some reference time, t^, according to where T^t^) is a 3 X 3 matrix that describes the size and shape change of the ventricle relative to the reference condition as it rotates and deforms through the cardiac cycle. Walley et al 4 showed that the best least squares estimate of T is t=xxjxx T ]-1 where X = X(t) is a 3 x n matrix whose columns are the three-dimensional coordinates of the markers at time, t, andX ref =X (t ref ) .
We considered the average three-dimensional coordinates of all the screws in the left ventricle at enddiastole under the baseline condition to be the reference condition of the left ventricle, so that X^) represents the average of the coordinate matrices, X, observed at the end-diastoles under baseline conditions.
The determinant of T, known as the eigenvolume, V E , gives a measure of relative volume, with the eigenvolume being equal, by definition, to 1.00 at the reference condition (i.e., at L^). Since for this study the reference condition is taken to be end-diastole observed under baseline conditions, an eigenvolume of 0.80 means that the left ventricular volume is 80% of that observed under baseline conditions for that heart.
The frame corresponding to end-diastole (defined from the left ventricular pressures) in each analyzed beat was assigned frame number 1 and subsequent frames (every 1/60 second) were assigned sequentially increasing numbers. We then averaged the two eigenvolumes with each frame number for the beats before and after the angiogram for comparison with the angiovolume with the corresponding frame number. Endsystole was defined as the time of
Left Ventricular Angiovolume
We used the same manual digitizing system described above to outline the contours of the left ventricle on the two biplane x-ray views during the angiogram, then computed left ventricular angiovolumes using our modification of the Dodge et al 13 procedure based on Simpson's rule.
As described in detail by Davis et al, 10 we placed small lead fiducial markers on the image intensifies of our x-ray system to define the coordinate axes and calibrate the projected film images as well as align the Timelsac) FIGURE 1. Left ventricular pressure, dPIdt, eigenvolume, and angiovolume for a typical experiment. Eigenvolumes were computed from beats before and after conducting the angiogram because the radiopaque dye used in the angiography obscured the screws on the x-ray images. The vertical lines indicate end-diastole.
x-ray system so that the two x-ray beams intersect and are perpendicular. Given this alignment, and the tubeto-camera and tube-to-cross beam distances (measured during each experiment), it is possible to compute the location in space of any point that can be identified on both films. We used this fact to determine the location of the heart in the chest and so could estimate the geometric magnification that applies to each slice of the heart for the Simpson's rule volume calculation. The program begins by locating the midpoint of the mitral valve on the two (perpendicular) images of the heart; the program assumes that these images correspond to the same point in space and computes its three-dimensional coordinate. Next, the program finds the point farthest from this mid-valve point on each of the silhouettes; it assumes that this point is the image of the apex on both views and computes the three-dimensional coordinate of this point. The line in three dimensions connecting these two points is taken as the long axis of the heart. The program then divides this axis into slices 1 mm thick and uses the coordinate of the axis at the midpoint in each slice, together with the width of the images, to compute the diameters of each slice in the anterior-posterior and lateral directions. Each slice is assumed to be an elliptical cylinder, and the volume of the slice computed. The total ventricular volume is the sum of all the slice volumes.
We computed left ventricular angiovolumes for each frame over a complete heart beat. As with the eigenvolumes, the frame corresponding to end-diastole was assigned frame number 1, and subsequent frames (every 1/60 second) were assigned sequentially increasing numbers.
Statistical Analysis
Eigenvolume validation. We compared the mean eigenvolume for the beats before and after the opacified beat, V E , with the angiographic volume, V A , by doing a linear regression of V E against V A at the corresponding frame number following end-diastole. (It is not possible to obtain eigenvolume and angiovolume precisely simultaneously because the contrast obscures the screws.) Figure 2 shows the results of such an analysis for the data in Figure 1 . We analyzed the data from each set of beats obtained under each experimental condition in each dog separately and recorded the slope, intercept, and correlation coefficient associated with each regression. We then investigated whether any of the interventions we studied changed the relation between V E and V A ; our hypothesis was that these interventions would not affect this relation.
We tested the null hypothesis that the six experimental conditions (pacing with atropine, phenylephrine infusion, nitroprusside infusion, /3-blockade, and volume overload with 500 ml and 1,000 ml) did not affect selected hemodynamic variables (e.g., left ventricular end-diastolic pressure) using a multiple regression analysis implementation of a repeated measures analysis of variance. 16 This approach permits us to analyze all our data even though the experimental design is not completely balanced. It also provides direct estimates of the size of the changes associated with the various interventions, together with an appropriate standard error, after accounting for the pairing of data across dogs.
The regression model is: 
The regression coefficients bj represent the deviation from the overall average value for dog i (i^4); the deviation for dog 5 is -Sb,. We estimated variation between dogs, s d , as the standard deviation of the bj.
We used the t values associated with each regression coefficient in a simple multiple linear regression to test the hypothesis that the effects represented by each dummy variable were not significantly different from zero. A value of /?<0.05 was considered statistically significant. The regression coefficients and their standard errors are reported.
As an example of how to interpret the results of this analysis, consider the second row in Table 3 , which presents the results of our analysis of left ventricular end-diastolic pressure, P^d, before doing the angiogram. The value of the intercept, b 0 , is 5 ± 2 mm Hg; this result indicates that the average left ventricular pressure we observed under control (baseline) conditions over all dogs was 5 mm Hg with an associated standard error of the estimate (analogous to a standard error of the mean) of 2 mm Hg. (The small differences between the control values in Tables 2 and 3 arise from the fact that the estimates in Table 2 are computed one experimental condition at a time whereas the estimates in Table 3 are derived from all the data at once.) The coefficient associated with heart rate, DR, is -0.08 ±0.03 mm Hg/(beat/min), which is significantly different from zero; this result indicates that, on the average, left ventricular end-diastolic pressure fell by -0.08 mm Hg [with a standard error of 0.03 mm Hg/(beat/min)] for every 1 beat/min increase in heart rate. The coefficient associated with the dummy vari-able representing phenylephrine infusion, bp, is 7 ± 2 mm Hg, which is significantly different from zero; this result indicates that, on the average, left ventricular pressure increased by 7 mm Hg following phenylephrine infusion. Likewise, the coefficients associated with the other dummy variables give the size of the changes associated with the other interventions. When the coefficient is not significantly different from zero, such as the one associated with phenylephrine infusion for heart rate (in the first row in Table 3 ), it means that the intervention did not have a significant effect on the dependent variable.
Effects of angiography. We used paired t tests to compare the observed values of each variable before and after the angiography. In doing so, we did not explicitly account for the effects of individual dogs or intervention within a given dog. Rather, we considered each run as an independent observation.
Ah1 computations were done with MINITAB Release 82.1. 17 Table 3 summarizes our observations, using the results of the multiple regression analysis, for data obtained before and after the angiograms.
Results

Effects of Hemodynamic Interventions
The first column gives the mean observed values at baseline estimated using the b 0 term in the multiple regression equation described above. These data reveal that heart rate, left ventricular end-diastolic pressure, maximum left ventricular pressure, left ventricular dP/dt^, and left ventricular dP/dt^ were normal before the angiograms. End-diastolic and end-systolic eigenvolumes and angiovolumes also reflected the overall good condition of the animals.
As discussed above, Table 3 also presents the changes from control values that followed each of the interventions we used to change left ventricular loading conditions. Heart rate increased significantly following vasodilation with nitroprusside. (Note that since heart rate, R, is the dependent variable in this case, it is not used as an independent variable in the regression equation.)
Pressures. Left ventricular end-diastolic pressure fell significantly as heart rate increased. Left ventricular end-diastolic pressure also increased significantly following all the other interventions. Maximum left ventricular pressure significantly increased as a result of phenylephrine infusion and, as expected, decreased following sodium nitroprusside. Left ventricular dP/ dt,^ significantly increased as heart rate increased. /3-Blockade and volume loading reduced dP/dt^,. Left ventricular dP/dt^ became less negative after sodium nitroprusside infusion before and after the angiogram but generally did not change significantly following the other interventions.
Eigenvolumes. End-diastolic eigenvolumes (with eigenvolume equal to 1 by definition at end-diastole during baseline) decreased significantly as heart rate increased and following sodium nitroprusside before and after the angiogram. Phenylephrine significantly increased the end-diastolic eigenvolume after the angiogram. /3-Blockade and volume overload of 500 and 1,000 ml significantly increased the end-diastolic eigenvolume.
End-systolic eigenvolumes decreased significantly as heart rate increased. Phenylephrine infusion led to a significant increase in the end-systolic eigenvolume after the angiogram. Sodium nitroprusside did not produce any change in the end-systolic eigenvolume, but /3-blockade and volume overload of 500 and 1,000 ml significantly increased the end-systolic eigenvolume.
Stroke eigenvolume did not change significantly in response to any of the interventions.
Angiovolumes. Both left ventricular end-diastolic and end-systolic angiovolume decreased significantly as heart rate increased. Phenylephrine, /3-blockade, and volume overload significantly increased the end-diastolic angiovolume. /3-Blockade and volume overload significantly increased end-systolic angiovolume. None of these interventions significantly changed angiographically determined stroke volume; this result is consistent with the results obtained from the eigenvolumes.
Volume Validation
We compared eigenvolumes to frame-by-frame volumes determined by biplane angiography in a total of 32 angiograms (four baseline, six after atropine, seven after phenylephrine infusion, five after nitroprusside, three after loading of 500 ml saline, three after loading of 1,000 ml saline, and four after^-blockade). Figure  1 shows the data for a typical beat, Figure 2 shows the resulting plot of eigenvolume, V E , versus angiographic volume, V A , and Table 1 summarizes the results of the individual regressions of V E against V A . Consistent with the findings of Walley et al 4 and Florenzano and Glantz 6 in excised hearts, we found an excellent correlation between these two measures of left ventricular volume. As Table 4 shows, we found an excellent correlation between V E and V A for all beats studied (r = 0.95±0.01 [SD]). Table 4 shows the results of multiple regression analysis of the slopes and intercepts of the regression lines in Table 1 . The average slope under control conditions was 0.016 ±0.002 (SEM). None of the interventions we studied significantly affected this slope. The average intercept was not significantly different from zero. This finding is especially encouraging because the eigenvolume should be proportional to actual left ventricular cavity volume, so the intercept of the line relating V E and V A should be zero. None of the interventions significantly changed the intercept of the regression line of V E on V A . Finally, none of the interventions we studied significantly affected the correlation between V E and V A .
In sum, there was a strong linear relation between angiographic volume and eigenvolume with an intercept, on the average, not detectably different from zero, and this relation did not change significantly in the face of a wide variety of hemodynamic states produced by the interventions in this study. Table 5 presents the results of paired t tests comparing the variables measured before and after the angiogram. The angiography did not significantly change left ventricular end-diastolic or maximum pressure. End-systolic and end-diastolic eigenvolumes increased comparably, by about 6% of control end-diastolic eigenvolume, following angiography, so no change in stroke eigenvolume was observed. These effects add up to a slight rightward shift of the pressure-eigenvolume loops (Figure 3 ). Had inotropic state remained constant, this larger end-diastolic volume would have produced greater stroke work (via the Frank-Starling mechanism), but it did not. This result, combined with the observation that dP/dt,,^ fell significantly and dP/dt^ became significantly less negative following angiography, suggests that angiography mildly depressed cardiac function. The volume load associated with the angiogram compensated for this effect insofar as pressure development and stroke work were concerned.
Effect of Angiography
Despite these effects on left ventricular size and performance, the angiogram did not affect the relation between eigenvolume and angiovolume, as quantified by the slope, intercept, and correlation coefficient of the regression of V E on V A (Table 5 ).
Discussion
Eigenvolume Validation
We found that the eigenvolume correlates very well with left ventricular volume measured by angiography (the standard method for measuring left ventricular volume in vivo) over a range of heart sizes and in the presence of a variety of hemodynamic interventions.
Walley et al 4 validated the eigenvolumes in vitro in three normal hearts by comparing the eigenvolume with the volume in a balloon in the left ventricle. They found a linear relation between eigenvolume and actual volume with slope = 0.0077±0.0015 (SD), intercept =0.53 ±0.093, and r = 0.983 ±0.009. Florenzano and Glantz* did similar in vitro validation, in two hypertrophied hearts after 3 months of chronic volume overload and found a slope = 0.011 ±0.004, intercept = 0.44±0.14, and r = 0.982±0.021. In our validation, we compared computed eigenvolumes against 32 angiographic volumes and found a slope = 0.016 ± 0.002, intercept = 0.082 ±0.22, and r = 0.958± 0.029. The slopes and correlations for these two in vitro methods did not differ significantly from those we found in vivo (by analysis of variance followed by a Student-Newman-Keuls multiple range test).
The intercept of the linear relation between eigenvolume and angiovolume observed in beating hearts is not significantly different from zero. The intercept we found in the present study differs significantly (p<0.0025 by analysis of variance) from the positive intercepts observed by Walley et al 4 and Florenzano and Glantz. 6 As Walley et al 4 previously discussed, the excised postmortem heart sitting in a bath probably does not exhibit a shape change relative to the normal in vivo heart, which is strictly a homogenous deformation; if this is the case, the deformation of the left ventricle would be inconsistent with one of the assumptions underlying the eigenvolume method. Moreover, the earlier work involved comparison of eigenvolume (based on screws in the endocardium) and volume in a balloon in the left ventricle. These balloons probably did not completely fill the ventricle, so the eigenvolume could be expected to overestimate balloon volume as it did in both earlier studies. 46 In contrast, when eigenvolume was compared with angiographic volume in the in vivo beating hearts, the intercept was zero, as it should be, given that eigenvolume should be proportional to left ventricular cavity volume.
Since the relation between eigenvolume and angiovolume should be due to a geometric, as opposed to a physiological, relation, this relation should be independent of heart size and hemodynamic state. This is what we found. Therefore, this study represents the best validation of the eigenvolume method to date.
Hemodynamic Effects of Angiography
Our data demonstrate that the sudden addition of volume during an angiogram to the left ventricle immediately increases left ventricular size, without significantly changing pressures. Vine et al 8 conducted a similar study in .humans instrumented with markers placed on the epicardium during surgery. Their data reveal no immediate effect of the angiogram on enddiastdlic volume and reveal a small increase in endsystolic volume over time after the angiogram. Thus, their results are consistent with ours regarding endsystolic volume but differ regarding end-diastolic volume. These differences may reflect species differences or methodological differences associated with the fact that they used a power injector and we injected the contrast by hand. The epicardial markers we used may also be a more sensitive technique for detecting changes in left ventricular volume because the epicardium does not move as much as the endocardium does during a contraction. Our18 results20 are consistent with those reported by others," who observed longerterm effects of contrast medium injection. Over many beats, the injection of hyperosmolar contrast agents depresses cardiovascular function." Our data, based on examination of the entire pressure-volume loop a few beats following contrast injection, demonstrates that the immediate effect of angiography is to make the 0.62 0.0000 0.61 n = 32. Comparisons by paired / test. Slope, m, and Intercept, b, are for regression V E =mV A + b for beats immediately before and after angiogram. P^, left ventricular (LV) end-diastolic pressure; PLM^, maximum LV pressure; HPMt^m aximum LV dP/dt; dP/dt^, minimum LV dP/dt; V^, LV end-diastolic eigenvolume; Vgj,, LV end-systolic eigenvolume; AV E , LV stroke eigenvolume.
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LVBQenvotume FIGURE 3. Pressure-eigenvolume loops for beats shortly before and after the angiogram reveal that the entire loop is displaced to the right. This result indicates that the angiogram both volume loads the left ventricle and slightly depresses its contractile state.
heart larger and depress contractility, without affecting heart rate, pressures, or stroke volume. It is possible that the use of a rapid hand injection of the contrast agent (as opposed to a power injection) may account for the mild depression in inotropic state that we observed. During the time required for opacification, some of the contrast probably entered the coronary circulation and depressed the inotropic state of the myocardium. This situation differs from the one that occurs during a power injection when the ventricle is fully opacified during a single beat.
